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turbidity in Lake Okeechobee and its primary drainage basins, the Caloosahatchee and St.
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Lucie estuaries from 2002 to 2010. Drainage modification and agricultural development in
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southern Florida transport sediments and nutrients from watershed agricultural areas to
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Lake Okeechobee. As a result of development around Lake Okeechobee and the estuaries
that are connected to Lake Okeechobee, estuarine conditions have also been adversely
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impacted, resulting in salinity and nutrient fluctuations. The measurement of water

Remote sensing

turbidity in lacustrine and estuarine ecosystems allows researchers to understand

Water turbidity

important factors such as light limitation and the potential release of nutrients from re-

Lake Okeechobee

suspended sediments. Based on a strong correlation between water turbidity and

Water quality monitoring

normalized water-leaving radiance at the near-infrared (NIR) band (nLw(869)), a new
satellite water turbidity algorithm has been developed for Lake Okeechobee. This study has
shown important applications with satellite-measured nLw(869) data for water quality
monitoring and measurements for turbid inland lakes. MODIS-Aqua-measured water
property data are derived using the shortwave infrared (SWIR)-based atmospheric
correction algorithm in order to remotely obtain synoptic turbidity data in Lake Okeechobee and normalized water-leaving radiance using the red band (nLw(645)) in the Caloosahatchee and St. Lucie estuaries. We found varied, but distinct seasonal, spatial, and
event driven turbidity trends in Lake Okeechobee and the Caloosahatchee and St. Lucie
estuary regions. Wind waves and hurricanes have the largest influence on turbidity trends
in Lake Okeechobee, while tides, currents, wind waves, and hurricanes influence the
Caloosahatchee and St. Lucie estuarine areas.
Published by Elsevier Ltd.
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1.

Introduction

The collective ecosystems of southern Florida are valued for
their ecosystem services, aesthetic beauty, abundance of
recreational activities and contributions to local economies.
Lake Okeechobee provides residents and visitors with a source
of drinking water, a sport fishing industry, and irrigation
water for surrounding agricultural areas. The adjacent Caloosahatchee and St. Lucie estuaries are also well known for the
abundance of ecosystem services and recreational opportunities they provide, in addition to the functional role they
serve as drainage basins for Lake Okeechobee overflow (Fig. 1).
While these ecosystems have provided numerous benefits to
human societies, they have also been modified to suit many
human needs, such as flood control, irrigation and navigation,
etc. In addition, developmental modifications have taken a toll
on the organisms occupying these disturbed habitats and
natural resource managers are using science to identify
harmful trends in order to restore these valued resources,
which have been documented since 2005 on a yearly basis in
South Florida Environmental Reports (http://www.sfwmd.
gov/sfer/).
Located in southern Florida, Lake Okeechobee is the
second largest freshwater lake (w1730 km2) located entirely
within the contiguous United States (Fig. 1). Although Lake
Okeechobee is large in areal extent, it is relatively shallow
with a mean depth of w2.7 m. The lake can be classified into
three regions based on primary producers (Havens, 2003). The
littoral zone (water depth w1 m) is located primarily along
the shoreline of the western half of the lake and consists of
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a suite of biologically diverse plant species, which provide
excellent habitat for the spawning of fish. The near shore zone
(water depth w1e2 m), also located along the western half of
Lake Okeechobee’s coast, is comprised of submerged aquatic
vegetation (SAV) and wave tolerant emergent plants and
contains a substrate of both sand and peat. The pelagic zone
(water depth of w2.5e5 m) is largely devoid of vegetation and
has a muddy substrate (James et al., 2008). The climate and
rainfall in the area is characteristic of subtropical locations
with a dry (NovembereApril) and wet (MayeOctober) season.
However, tropical storms and climatic events, such as hurricanes and El Niño/La Niña oscillations, can substantially alter
the hydrology and hydrodynamics of the lake.
In response to devastating hurricanes in the early half of
the 20th century, the state of Florida and the Army Corps of
Engineers enclosed Lake Okeechobee with the Herbert Hoover
dike in order to contain hurricane related flooding. The Herbert Hoover dike also stores freshwater from the watershed in
Lake Okeechobee during the dry season for municipal and
agricultural water supplies. Drainage canals built to divert
excess water from Lake Okeechobee during the wet season
now drain most excess water through the Caloosahatchee
River to the Gulf of Mexico (west) and the St. Lucie Canal to the
Atlantic Ocean (east) instead of the historical drainage route
through the Everglades (south) (Fig. 1). While some excess
water is routed through southern flowing irrigation canals,
these canals divert smaller amounts of water to agricultural
areas and the Everglades adjacent to Lake Okeechobee when
compared to the Caloosahatchee River and St. Lucie Canal,
which discharge water into their estuaries (James et al., 2008).

Fig. 1 e Maps of Lake Okeechobee and the Caloosahatchee and St. Lucie estuaries. The study area is marked with three
specific locations in Lake Okeechobee (aec) and Boxes A and B in the Caloosahatchee and St. Lucie estuaries for quantitative
studies.
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These infrastructural projects have effectively protected
human lives and property in areas surrounding Lake Okeechobee, in addition to allowing agriculture to prosper in the
region. Unfortunately, they have also transformed Lake
Okeechobee into a sink for sediments and fertilizer related
nutrient inputs from northern agricultural areas in the Kissimmee Valley, which has made Lake Okeechobee culturally
eutrophic (Engstrom et al., 2006; Havens and Walker, 2002;
Steinman et al., 1999).
Habitat disturbance is another byproduct of Lake Okeechobee’s modification. The vegetated littoral areas of Lake
Okeechobee are important for a variety of reasons. Areas with
more abundant SAV within Lake Okeechobee have lower
amounts of nutrients than areas without SAV, but the
mechanism for this is still uncertain (Havens et al., 2007).
During hurricanes or periods of high winds, Lake Okeechobee
experiences seiches, similar to fluid shaking back and forth
inside a bowl. Seiches uproot SAV and emergent macrophytes
and re-suspend lake sediments, which obstruct light
(Jin et al., 2011), releases nutrients and can impede SAV regrowth for years thereafter (James et al., 2008). Lake stage
levels that are too high or too low can also destroy SAV, which
results in a decrease of suitable habitat for many juvenile
sport fish species. This can potentially affect fish recruitment
and population sizes (Havens et al., 2005), as well as Lake
Okeechobee’s lucrative sport fishing industry (Bell, 1987; Fox
et al., 1993; Furse and Fox, 1994; Rogers and Allen, 2008).
Multiple fauna utilize the littoral portion of the lake at
a variety of life stages (Johnson et al., 2007). Organisms
impacted by these changes include zooplankton, macroinvertebrates, amphibians (Havens et al., 1996), and birds
(David, 1994) that use the littoral zone for feeding, nesting, or
refuge.
The Caloosahatchee River and St. Lucie canal drain into
larger estuaries that share their name. Both estuaries were
heavily modified and dredged to allow for navigation as
a result of natural features (barrier islands, mangroves, and
oyster reefs), which deterred easy passage. Estuaries are
adapted to a degree of disturbance in relation to natural
events, such as hurricanes, which often results in acute
changes to the ecosystem. After these events estuaries often
rebound quickly (Switzer et al., 2006). With widespread
hydrological, residential, and agricultural development in
these regions, more chronic stressors have become prevalent,
such as persistent salinity disruptions as a result of Lake
Okeechobee discharges and increased nutrient concentrations as a result of increased fertilizer use in urban and agricultural areas adjacent to these estuaries (He et al., 2006).
These long-term, chronic disturbances are what concern
some aquatic biologists (Wan et al., 2006).
The purpose of this study is to provide the long-term
remote sensing characterization of turbidity measurements
in Lake Okeechobee and the regions surrounding the Caloosahatchee and St. Lucie estuaries from the Moderate Resolution Imaging Spectroradiometer (MODIS) (Salomonson et al.,
1989) onboard the Aqua satellite from 2002 to 2010. Remote
sensing of coastal and inland waters is valued for its variety in
spatial coverage and temporal sampling resolution options
(Liu et al., 2003; Wang et al., 2011). MODIS-Aqua measurements of water quality parameters within lacustrine and

estuarine ecosystems can provide researchers with broadscale spatial data and high temporal sampling resolutions at
a minimal cost (Chen et al., 2007; Wang et al., 2007). Although
MODIS pixels have a nominal spatial resolution of w1 km for
the bands used in this study, remote sensing water quality
studies on lakes of Lake Okeechobee’s size, specifically
China’s Lake Taihu (Wang and Shi, 2008; Wang et al., 2011),
have been done in the past, in addition to lacustrine
comparison studies (James et al., 2009). Remote sensing
studies have also been used to understand turbidity characteristics in estuarine ecosystems such as the Chesapeake Bay
(Harding et al., 2005; Shi and Wang, 2010a; Son and Wang,
2012), China’s east coast (Shi and Wang, 2010b, in press; Shi
et al., 2011a, 2011b), and Tampa Bay, Florida (Chen et al.,
2007; Hu et al., 2004).
This paper contributes to the substantial amount of water
quality data the South Florida Water Management District
(SFWMD) can use to make natural resource decisions. While
previous studies have investigated the short-term temporal
effects of hurricanes on Lake Okeechobee (Daranpob et al.,
2009), this study characterizes turbidity trends over
a longer period of time (2002e2010), includes the investigation of estuarine ecosystems adjacent to Lake Okeechobee
(Caloosahatchee and St. Lucie estuaries), employs a more
effective shortwave infrared (SWIR) atmospheric correction
algorithm for the areas of interest (Wang, 2007; Wang and
Shi, 2007; Wang et al., 2009b), and integrates in situ
turbidity data to derive synoptic results of turbidity for Lake
Okeechobee.

2.

Methods

2.1.

Satellite remote sensing data

This study analyzed satellite ocean color remote sensing data
from 2002 to 2010 in southern Florida. Remote sensing data
were obtained from MODIS-Aqua. Global open ocean color
products have been routinely produced by NASA using the
standard-NIR atmospheric correction algorithm (Gordon,
1997; Gordon and Wang, 1994; IOCCG, 2010; McClain, 2009),
which employs the NIR black pixel assumption in open
oceans. In coastal and shallow areas, however, the black pixel
assumption does not hold (Lavender et al., 2005; Ruddick et al.,
2000; Shi and Wang, 2009a; Siegel et al., 2000; Stumpf et al.,
2003; Wang and Shi, 2005). In these cases the SWIR-based
atmospheric correction method can be used to derive
improved ocean (water) color products (Wang, 2007; Wang
and Shi, 2007; Wang et al., 2009b). Thus, the NIR-SWIR atmospheric correction algorithm (Wang and Shi, 2007; Wang et al.,
2009b) was utilized in this study to process MODIS-Aqua data
in order to provide more accurate retrievals of normalized
water-leaving radiance spectra nLw(l), as well as various water
quality parameters derived from nLw(l), such as diffuse
attenuation coefficient Kd(490) (Wang et al., 2009a), which is
used to quantitatively determine turbidity in coastal areas
(Shi and Wang, 2010a; Wang and Shi, 2007) and large inland
lakes (Wang et al., 2011). The definition and derivation of
nLw(l) can be found in various references (Gordon, 2005;
IOCCG, 2010; Morel and Gentili, 1996; Wang, 2006).
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Satellite data used in this study consist of MODIS-Aquameasured water turbidity in Lake Okeechobee, which is
derived from MODIS-measured nLw(l) using the NIR band
(nLw(869)) (details are described below). For highly turbid
waters as for Lake Okeechobee, nLw(869) data are more
sensitive to the change of water turbidity as compared to
those from nLw(l) at the red band (e.g., nLw(645)) (Shi and
Wang, 2009a, 2010a). This phenomenon (Bowers et al., 1998)
is attributed to the dominance of bb(l) for highly turbid waters
in a function of bb(l)/(a(l) þ bb(l)) (a(l) and bb(l) are total
absorption coefficient and backscattering coefficient, respectively), of which nLw(l) can be expressed as a function (Gordon
et al., 1988). For the Caloosahatchee and St. Lucie estuaries, on
the other hand, nLw(l) was obtained using the red band
(nLw(645)). In these regions, the NIR nLw(869) values are quite
low and are not sensitive to changes in water turbidity.
Satellite-measured nLw(645) data can be directly related to the
water total suspended sediment (TSS) (Miller and McKee, 2004;
Shi and Wang, 2009b) and can be used as an indicator for
water turbidity. It is noted that the SWIR-based atmospheric
correction algorithm (Wang, 2007; Wang and Shi, 2007) for
deriving satellite nLw(l) data (including nLw(645) and nLw(869))
from MODIS-Aqua have been evaluated and validated in
various coastal and inland waters (Wang et al., 2011, 2009b,
2007). Because of substantial submerged aquatic vegetation
and emergent macrophytes along the western half of Lake
Okeechobee (Fig. 1), it was necessary to mask out these areas
in MODIS-Aqua-derived water quality data.

2.2.

In situ data

A large range of water quality parameters are collected for
Lake Okeechobee over an impressive spatial and temporal
extent by the SFWMD (www.sfwmd.gov), along with other
cooperating state and federal agencies, and are available from
the SFWMD database website, DBHYDRO (www.sfwmd.gov/
dbhydroplsql). However, depending on the type of in situ
measurements to be made, measurements may only be taken
biweekly or less, may have temporal gaps, and can be
expensive depending on the type of analysis to be performed.
These monitoring issues can be mitigated with the use of
remote sensing data acquired from MODIS-Aqua, which
allows for daily synoptic measurements of turbidity over
cloud free areas (Wang and Shi, 2006) of the study region and
data are freely available to the public. Remote sensing data
alone are not enough, however, and this study has benefited
by utilizing in situ turbidity data collected by the SFWMD and
obtained from the DBHYDRO website to develop and validate
MODIS-Aqua-derived water turbidity data. In situ turbidity
data were downloaded for Lake Okeechobee and the Caloosahatchee and St. Lucie estuaries, but only Lake Okeechobee
had a substantial amount of match-ups between remote
sensing data and in situ data. There are also some in situ data
from the Caloosahatchee estuary. Ocean color remote sensing
data were then compiled into monthly means of turbidity for
2002e2010. Additional limnology data were collected from
2002 to 2010 to support the remote sensing findings and
included parameters such as wind speed, lake stage, and
discharge flow for Lake Okeechobee.
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2.3.
Development of satellite water turbidity algorithm
for Lake Okeechobee
Using the SWIR-based atmospheric correction algorithm
(Wang, 2007), nLw(l) spectra data (blue to NIR wavelengths)
from 2002 to 2010 were derived from MODIS-Aqua measurements for Lake Okeechobee, as well as the Caloosahatchee
and St. Lucie estuary regions. We then tested and investigated
various approaches relating MODIS-Aqua-derived nLw(l) data
(as well as various nLw(l) ratios) to the in situ measured water
turbidity in the regions. It has been found that, for Lake
Okeechobee, in situ water turbidity data measured in
Nephelometric Turbidity Units (NTU) are the most strongly
correlated to the MODIS-Aqua-derived nLw(l) at the NIR band
(nLw(869)). Fig. 2 provides results of the in situ water turbidity
as a function of MODIS-Aqua-measured nLw(869) for Lake
Okeechobee, covering water turbidity values from w1 to 300
NTU. In fact, water turbidity in Lake Okeechobee can be
related to nLw(869) as
Turbidity ¼ 1:26 þ 90:547 nLw ð869Þ þ 75:598 nLw ð869Þ2 ;

(1)

with a correlation coefficient of 0.938 and the root mean
squared error (RMSE) of 19.83 NTU (Fig. 2). Note that Turbidity
and nLw(869) in Eq. (1) are in units of NTU and
mW cm2 mm1 sr1, respectively. Clearly, there are significant
NIR radiance nLw(869) contributions for Lake Okeechobee and
therefore it requires the SWIR-based atmospheric correction
approach in the satellite data processing for retrieval of water
quality data. It should be noted that the turbidity algorithm
(Eq. (1)), which is based on satellite and in situ measurements,
has been developed specifically for Lake Okeechobee.
MODIS-Aqua-derived water turbidity data from Eq. (1) for
Lake Okeechobee can then be compared with in situ turbidity
measurements for verification. For the matchup comparison,
MODIS-Aqua-derived turbidity data were extracted from
a 5  5 box centered at the location of the in situ measurements using the same procedure discussed in Wang et al.
(2009b). Fig. 3a provides these verification results. The mean
ratio and median ratio of the MODIS-Aqua-derived water

Fig. 2 e In situ-measured water turbidity (NTU) as
a function of MODIS-Aqua-derived normalized waterleaving radiance at the wavelength of 869 nm (nLw(869)) for
Lake Okeechobee.
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Okeechobee were derived using the sub-sample-developed
turbidity formula and compared with the in situ data. In
addition, using Eq. (1) for deriving MODIS turbidity data, the
same matchup comparison has been carried out for the 2010
data set. These two matchup comparisons (with the subsample-developed formula and Eq. (1)) have nearly the same
comparison results. For the sub-sample approach, the mean
and median ratio values of the MODIS-derived to the in situmeasured water turbidity data (for the 2010 data set) are
1.161 and 1.136, respectively, compared with corresponding
values of 1.135 and 1.104 for the approach using Eq. (1). Thus,
the MODIS water turbidity formula (Eq. (1)) is valid and used
for deriving MODIS water turbidity data for Lake Okeechobee.

3.

Fig. 3 e MODIS-Aqua-derived water turbidity data (from
2002 to 2010) in Lake Okeechobee compared with in situ
measurements for (a) matchup comparisons and (b)
histogram results.

The use of remote sensing data from the MODIS-Aqua platform allows for a broader spatial and higher temporal resolution of turbidity patterns within the study areas and is less
expensive when compared to in situ measurements due to
reduced time and resources needed to collect and analyze
turbidity data (Liu et al., 2003). Two of the three distinguishing
characteristics of shallow, polymictic lakes, such as Lake
Okeechobee, that are outlined by Havens et al. (2001) are (1)
frequent mixing of the entire water column and resuspension
of unconsolidated sediments and (2) substantial internal
loading of nutrients from the sediments to the water column;
both of which can be informed by the results presented in this
section. Many of our results are in agreement with the findings of other lacustrine and estuarine studies that highlight
the role of tides, currents, wind and disturbance events,
specifically hurricanes, in the resuspension of sediments
throughout these ecosystems (Chen et al., 2010; Havens et al.,
2011; James et al., 2008).

3.1.
turbidity to the in situ-measured data in Lake Okeechobee are
1.118 and 0.963, respectively. Furthermore, Fig. 3b compares
histogram results of MODIS-Aqua-derived water turbidity
data to in situ measurements. Distribution of the MODISderived turbidity data (total number w8.7  107) appears
well matched with in situ measurements (total data number
of 1361), although in situ data have more noise in the larger
water turbidity values (Fig. 3b). Given the strength of these
results, MODIS-Aqua-derived water turbidity data can be used
to study and characterize water properties in Lake
Okeechobee.
It should be noted that, in order to develop a robust
turbidity model (Eq. (1)) for Lake Okeechobee, we have used all
available in situ data from 2002 to 2010 and the same data
have been used for the algorithm verification. However, before
adopting this methodology, we have tested the sub-sample
approach for verification and validation. Specifically, we
have used the data from 2002 to 2009 to develop a turbidity
model (the same formulation as in Eq. (1)) and 1-year data in
2010 to validate the sub-sample-developed turbidity model.
The sub-sample (2002e2009 data) developed turbidity formula
has a correlation coefficient of 0.927 and the RMSE of 19.72
NTU. MODIS-measured water turbidity data in 2010 over Lake

Results and discussions

Results from Lake Okeechobee

3.1.1. Seasonal characterization of turbidity in Lake
Okeechobee
The characterization of monthly mean water turbidity levels
from 2002 to 2010 in Lake Okeechobee (Fig. 4) allows for the
examination of seasonal variation in turbidity within Lake
Okeechobee. Turbidity is highest in winter (DecembereFebruary), moderate in spring and fall seasons (MarcheMay and
SeptembereNovember), and lowest in summer (JuneeAugust). The seasonal variation of turbidity in Lake Okeechobee
is likely the result of seasonal wind variation on Lake Okeechobee as winds strongly influence sediments in shallow
lakes with large fetches (Havens et al., 2007). A lake’s
susceptibility to resuspension of sediments as a result of
wind-driven waves can be determined with the use of an
index (Bachman et al., 2000) wherein lakes situated below
a dynamic ratio of 0.8 are more likely to exhibit sediment
resuspension. This index was calculated in a study by Havens
et al. (2007) for Lake Okeechobee and other lakes throughout
the world. Lake Okeechobee fell well below the dynamic ratio
of 0.8; meaning resuspension in the lake is largely driven by
winds. According to the same study, winds on the lake are
strongest in the winter when persistently high-speed winds
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Fig. 4 e MODIS-Aqua-measured (from 2002 to 2010) climatology monthly turbidity images for Lake Okeechobee for months
of January to December as in panels of (a)e(l).

can create waves for days. This is evident in the MODIS-Aqua
monthly climatology turbidity measurements where values
are highest in the winter months of DecembereFebruary. In
the summer, wind speeds are comparably slower and exhibit
varying diurnal wind speeds that are highest in the afternoon
and evening, due to convectional thunderstorms and sea
breezes from the Atlantic Ocean, respectively. MODIS-Aqua
monthly climatology measurements of turbidity also illustrate this with the lowest values in the summer months of
June through August. The seasonal water turbidity characterization in Lake Okeechobee from MODIS-Aqua measurements is consistent with a previous study using in situ data
(Chang et al., 2009). In addition, these data reinforce findings
from studies by James et al. (2008, 2009), in which they found
a correlation between winds and suspended sediments within
Lake Okeechobee.

also recognize this trend and attribute it to the varied
substrate and aquatic vegetation distribution in Lake Okeechobee. Specifically, Lake Okeechobee has a muddy substrate
in the center of the lake, while most of the periphery contains
a sandy, vegetated littoral, and near-shore area. As a result of
the different substrate and near-shore vegetation, turbidity is
generally higher near the muddy core of the lake and lower
near the sandy periphery (Havens, 1995, 2003; Phlips et al.,
1993). This core-periphery dichotomy can be seen in the
MODIS-Aqua-derived monthly climatology of water turbidity
(Fig. 4). Another interesting distinction among spatial
turbidity patterns can be made within the near shore region of
Lake Okeechobee. Turbidity levels for the near shore areas of
Lake Okeechobee are lower along the western shore of the
lake (which contains more SAV) and higher along the eastern
shore of Lake Okeechobee (which contains less SAV), which is
also consistent with previous studies (Havens, 2003).

3.1.2. Spatial characterization of turbidity in Lake
Okeechobee

3.1.3.

MODIS-Aqua measurements of the spatial distribution of
turbidity in Lake Okeechobee are characterized by a core and
periphery pattern throughout most of the year with the
exception of the months in summer where turbidity levels are
relatively homogenous (Fig. 4). A number of limnology studies

A number of studies have examined the effects of hurricanes
on Lake Okeechobee. An especially active period was from
2004 to 2005. As a result of these events, due to persistently
high wind speeds that promoted mixing and disturbed lake
sediments, turbidity in the lake doubled in some cases (Fig. 5).

Hurricane effects on turbidity in Lake Okeechobee
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et al. (2008). It is noted that numbers of data used for
monthly water turbidity computations range from 1e18, 3e20,
1e16, and 7e25 for Fig. 5a, b, c, and d, respectively.

3.2.
MODIS-Aqua-derived nLw(645) in the
Caloosahatchee and St. Lucie estuaries

Fig. 5 e Time series of MODIS-Aqua-derived mean monthly
water turbidity in Lake Okeechobee from locations of
(marked in Fig. 1) (a) western part, (b) central part, (c)
eastern part, and (d) average of the entire lake.

The unconsolidated sediments released by extensive wind
wave mixing resulted in significantly higher total suspended
sediment (TSS) levels after hurricane Wilma (Abtew and
Iricanin, 2008) and influenced turbidity characteristics for
years thereafter (Havens et al., 2011; James et al., 2008). For
example, when hurricane Wilma passed over Lake Okeechobee on October 24, 2005, mean values of water turbidity
illustrated the significant impacts of wind on water properties
in the lake. MODIS-Aqua-measured 7-day composite turbidity
images were derived before (October 17e23) and after (October
25e31) the hurricane with mean values of 70.16 and 159.77
NTU, respectively. MODIS-Aqua measurements (Fig. 5) of
turbidity from 2002 to 2010 in the western (Fig. 5a), central
(Fig. 5b), and eastern (Fig. 5c) regions of Lake Okeechobee, as
well as the entire lake (Fig. 5d) also support this observation.
MODIS-Aqua-measured turbidity values in multiple lake sites
for years after 2004 had peak periods of turbidity higher than
the mean for all years. The highest increases in turbidity
occurred after September and October of 2004 as a result of
hurricanes Charley (August 13, 2004), Frances (September 5,
2004), Ivan (September 20, 2004), and Jeanne (September 26,
2004). According to James et al. (2008), hurricane Frances had
the largest impact on turbidity because it remained over the
area for 4.7 days, creating waves and re-suspending 3e6 cm of
the sediment column in the muddy central portion of Lake
Okeechobee. The next highest increase in turbidity came as
a result of hurricane Wilma on October 24, 2005. In
subsequent years peak turbidity during the winter was
higher than the mean for all years and higher than peak
turbidity levels in 2002 and 2003 (see Fig. 5). This trend is
echoed in TSS concentrations presented in a study by James

Turbidity is an important parameter to measure in estuaries.
High values of turbidity can shade out SAV like sea grass,
disturb valued organisms such as oysters by carrying chemicals or pollutants, and indicate areas of coastal erosion or
source deposition (Chen et al., 2007; Shi and Wang, 2009b).
MODIS-Aqua-measured normalized water-leaving radiance at
the wavelength of 645 nm (nLw(645)) can be used as a proxy to
determine TSS concentration at the surface layer of coastal
waters (Miller and McKee, 2004). Fig. 6 provides results of in
situ water turbidity (NTU) as a function of MODIS-Aquaderived nLw(645) for the Caloosahatchee estuary region
(Fig. 1). In Fig. 6, a best fit line is also shown, i.e., Turbidity
(NTU) ¼ 5.479[nLw(645)]0.7047, with a correlation coefficient of
0.6415. However, because there are no in situ turbidity data
available in the St. Lucie estuary region, we simply use MODISAqua-measured nLw(645) data as a water turbidity index for
characterizing water properties in the Caloosahatchee and St.
Lucie estuaries. Using the SWIR-based atmospheric correction
algorithm for turbid waters, monthly climatology images of
nLw(645) were derived for the offshore waters in the Caloosahatchee and St. Lucie estuaries. The SWIR-derived nLw(645)
data have been used and validated in a number of studies in
similar environmental settings, specifically estuaries and
inland lakes, for understanding of turbidity patterns in coastal
waters (Shi and Wang, 2009b, 2010b; Wang et al., 2011).

3.2.1. Seasonal characterization of nLw(645) in the
Caloosahatchee and St. Lucie estuaries
The highest nLw(645) measurements for the Gulf of Mexico
adjacent to the Caloosahatchee estuary and Charlotte Harbor
are in winter months (DecembereFebruary) with moderate
levels in March and April (Fig. 7). Measurements of nLw(645)
are lowest in the region for the months of MayeNovember.

Fig. 6 e In situ-measured water turbidity (NTU) as
a function of MODIS-Aqua-derived normalized waterleaving radiance at the wavelength of 645 nm (nLw(645)) for
the Caloosahatchee estuary.

w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 5 4 1 0 e5 4 2 2

5417

Fig. 7 e MODIS-Aqua-measured (from 2002 to 2010) climatology monthly nLw(645) images for the Caloosahatchee estuary for
months of January to December as in panels of (a)e(l).

These nLw(645) trends are in agreement with previous studies,
which have suggested that wind waves, along with currents,
as a result of winter and tropical storms are one of the
primary mechanisms for sediment resuspension through
bottom wave orbital motions in nearby Tampa Bay (Chen
et al., 2007, 2010). Although thunderstorms may be thought
of as disruptive, they are typically not as influential as winter
or tropical storms given their transient characteristics and
limited influence (Schoellhamer, 1995; Shi et al., 2006).
Measurements of nLw(645) for the Atlantic Ocean adjacent to
the St. Lucie estuary (Fig. 8) are substantially lower than those
in the Gulf of Mexico. Measurements of nLw(645) are the
highest from the months of November through March with
moderate levels in April, May, September, and October, and
lowest from the months of June through August. Mechanisms
for seasonal turbidity trends in the Caloosahatchee and St.
Lucie Estuary drainage areas appear to be the result of
a combination of wind waves, currents and tides, which will
be discussed in more detail later.

3.2.2. Spatial characterization of nLw(645) in the
Caloosahatchee and St. Lucie estuaries
Within the Caloosahatchee estuary region there is a spatial
distinction between the measurements of nLw(645) along the

Florida shelf and inland waters. During periods of high
seasonal turbidity (DecembereFebruary) areas along the
Florida shelf have the highest measurements of nLw(645)
(Fig. 7a, b, and l). Inland waterways have comparatively lower
measurements of nLw(645) throughout their water bodies,
where data are available. During months of moderate
measurements of nLw(645), March and April (Fig. 7c and d),
ocean regions along the Florida shelf exhibit high measurements of nLw(645) but at a smaller spatial extent. However,
during periods of low measurements of nLw(645) (MayeNovember) only some regions exhibit high measurements of
nLw(645) at very small spatial extents (Fig. 7eek). The contrast
in measurements of nLw(645) between inland waters and
Florida Shelf waters has been observed by Doering and
Chamberlain (1998, 1999), who found that TSS levels
increased along a gradient from the inlet of the Caloosahatchee estuary to the outlet, indicating waves and
currents largely influence turbidity near the mouth of the
estuary. Just north of this study site, in Tampa Bay, Chen et al.
(2007, 2010) found that turbidity within Tampa Bay was largely
influenced by tides, while turbidity at the mouth of Tampa Bay
and along the Florida shelf adjacent to the study site was
driven by currents and wind waves. Similar mechanisms
appear to be driving turbidity in the Caloosahatchee region.

5418

w a t e r r e s e a r c h 4 6 ( 2 0 1 2 ) 5 4 1 0 e5 4 2 2

Fig. 8 e MODIS-Aqua-measured (from 2002 to 2010) climatology monthly nLw(645) images for the St. Lucie estuary for
months of January to December as in panels of (a)e(l).

While a clear characterization of nLw(645) measurements
in the Caloosahatchee region may be possible, trends in the St.
Lucie region are more subdued (Fig. 8). Potential reasons for
this are that the St. Lucie estuary is much smaller (w24 km2)
than the Caloosahatchee estuary (w82 km2) (Rudnick et al.,
2008), it discharges into the Indian River Lagoon and Atlantic
Ocean and has a steeper depth gradient from shore to sea than
the Caloosahatchee region. As a result of these combined
attributes, discerning the spatial characteristics for
measurements of nLw(645) with MODIS-Aqua in the St. Lucie
estuary region is difficult. Other complicating factors are the
strength of the Gulf Stream current and the steep depth
gradient from shore to sea, which appears to dissipate
discharge from the St. Lucie estuary and send it north, or
facilitate settlement respectively. Despite these complications, some spatial trends can be identified. Measurements of
nLw(645) near the mouth of the St. Lucie estuary are moderate
from NovembereMarch and low from AprileOctober. While
the St. Lucie estuary is not large enough to show up with
MODIS-Aqua data, the Indian River lagoon is. In the central
portion of the Indian River lagoon near the Sebastian Inlet
some spatial trends can be observed. Measurements of
nLw(645) here are strongest in November, moderate in
December and March, and low in January, February, and April.

In another study, Qian et al. (2007) examined in situ
measurements from 1979 to 2004 of multiple parameters in
the same region, turbidity being one of them. Researchers
found no clear seasonal trend in all three stations for
turbidity. In fact each station differed from the next based on
whether there was a seasonal difference and when the
seasonal difference took place, specifically the wet or dry
season. In the case of the St. Lucie estuary, geographic characteristics such as the narrow north-south alignment of the
Indian River lagoon and St. Lucie estuary, along with the
strength of the Gulf Stream and steep depth gradient from
shore to sea may confound any substantial spatial patterns of
nLw(645) measurements.

3.2.3. Interannual characterization of nLw(645) in the
Caloosahatchee and St. Lucie estuaries
Clear quantitative distinctions of nLw(645) can be made when
examining the interannual characteristics between the water
clarity of the Caloosahatchee estuary and the St. Lucie estuary
in Boxes A and B (locations and spatial coverage shown in
Fig. 1) from MODIS-Aqua nLw(645) measurements (Fig. 9).
Seasonal variation is evident with higher nLw(645) (turbidity)
levels occurring in the winter and spring and lower
levels occurring in the summer. Overall MODIS-Aqua
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Fig. 9 e Time series of MODIS-Aqua-derived monthly
nLw(645) data from regions of Box A (marked in Fig. 1) in
the Caloosahatchee estuary (top panel) and Box B (marked
in Fig. 1) in the St. Lucie estuary (bottom panel).

measurements of water turbidity are higher in the Caloosahatchee estuary when compared with the St. Lucie
estuary. Peak winter nLw(645) levels for the St. Lucie estuary do
not exceed 1.25 mW cm2 mm1 sr1, whereas peak winter
nLw(645) levels for the Caloosahatchee estuary range from
w1.25 to 2.3 mW cm2 mm1 sr1. Minimum nLw(645)
measurements in the Caloosahatchee estuary are not lower
than w0.25 mW cm2 mm1 sr1, whereas the majority of
nLw(645) measurements for the St. Lucie estuary fall below
w0.5 mW cm2 mm1 sr1. While persistent seasonal physical
forces such as winter winds and tidal currents play a large role
in the interannual characteristics exhibited in the MODISAqua measurements of nLw(645), hurricanes and other
disturbance events also figure into water turbidity trends
within these estuaries and are discussed next.

3.2.4. Hurricane effects on turbidity in the Caloosahatchee
and St. Lucie estuaries
Because of the interconnectedness of Lake Okeechobee to the
St. Lucie and Caloosahatchee estuaries, precipitation falling
within the Lake Okeechobee watershed can affect these
estuarine ecosystems in addition to weather events that occur
within their own watersheds. Hurricanes affect estuaries in
many of the same ways they affect Lake Okeechobee by
contributing large amounts of freshwater, which move
nutrients and sediments to the estuary. Associated winds and
storm surge also disturb sea grass beds (Steward et al., 2006)
and nekton communities (Switzer et al., 2006), albeit disruption is generally short-lived. Although seasonal and spatial
nLw(645) measurement patterns are subdued in some regions,
disturbance events are not. Half of the spikes in turbidity
within the Caloosahatchee and St. Lucie estuarine areas were
the result of the 2004 and 2005 hurricanes. Sharp increases in
nLw(645) measurements during the months of the 2004e2005
hurricanes can be seen in Fig. 9. Note that numbers of data
used in Fig. 9 for monthly nLw(645) computations range from 6
to 23 and 5e21 for the west coast (Box A in Fig. 1) and east
coast (Box B in Fig. 1), respectively. Although nLw(645)
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measurements are larger for the Caloosahatchee estuary site
and smaller for the St. Lucie site, noticeable increases in the
measurements of nLw(645) after August 2004 and October 2005
illustrate the substantial effects hurricanes have on the
ecosystems of southern Florida. Shortly after these hurricanes, southern Florida experienced a prolonged drought
from October of 2006 to August of 2008. During this drought,
a period of heavy rains in October of 2007 (Tunberg et al., 2009)
potentially stimulated a spike in nLw(645) measurements for
the St. Lucie estuary region. Later, in August of 2008, rainwater
from tropical storm Fay facilitated another increase in
nLw(645) measurements. After the hurricanes of 2004 and
2005, nLw(645) measurement patterns in the Caloosahatchee
region were relatively normal with the highest measurements
occurring in the months of DecembereMarch and the lowest
measurements occurring from May through September. The
anomaly to this pattern occurred after November of 2009, and
can possibly be attributed to the passage of hurricane Ida
(November 4the10th of 2009) in the Gulf of Mexico. These
findings are interesting because in some cases these events
are not captured by in situ monitoring platforms. With the aid
of remote sensing data it is possible to obtain a much higher
temporal sampling resolution in addition to being able to
interpret events at a broader spatial scale.

4.

Conclusion

This paper provides an overview of water turbidity and
nLw(645) measurements and trends in Lake Okeechobee and
the regions surrounding the Caloosahatchee and St. Lucie
estuaries. In particular, water turbidity in Lake Okeechobee
can be reasonably derived using MODIS-Aqua-measured
normalized water-leaving radiance at the NIR band
(nLw(869)), demonstrating important applications of nLw(869)
for water quality monitoring and measurements for highly
turbid inland lakes. This approach can certainly be used for
other turbid coastal and inland lake waters for remote sensing
of water quality. In conjunction with in situ measurements of
turbidity in Lake Okeechobee and the use of the SWIR-based
atmospheric correction algorithm, this study provides
a perspective of seasonal, spatial, and event related turbidity
trends within Lake Okeechobee and nLw(645) measurements
of the Caloosahatchee and St. Lucie estuaries. In this study,
turbidity and nLw(645) measurements from MODIS-Aqua have
illustrated their effectiveness in providing accurate, reliable,
and synoptic measurements of turbidity in the southern
ecosystems of Florida. In some cases MODIS-Aqua measurements were capable of recording events that some in situ
monitoring efforts did not obtain. With the availability of
additional in situ turbidity data for off-shore areas adjacent to
Florida estuaries it would be possible to obtain even more
rigorous retrievals of turbidity measurements. The utility of
this study lies in its ability to provide researchers and
managers with a more comprehensive understanding of
turbidity characteristics in the ecosystems they study and
manage. With predictions of more hurricanes and extreme
weather events as a result of climate change, studies such as
this can document local disturbance events and provide
insight to how global forces are affecting local ecosystems.
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